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We report the 23Na and 75As NMR studies on NaFeAs single crystals. The structure transition
temperature TS (55 K) and the spin density wave (SDW) transition temperature TSDW (40.5 K)
are determined by the NMR line splits. The spin-lattice relaxation rates indicate that the spin
fluctuations are strongly enhanced just below TS and drive a second order SDW transition. A
fluctuating feature of the SDW ordering is also seen below the TSDW . We further performed high-
pressure NMR studies on NaFeAs, and found that the TSDW increases by ∼7 K and the magnetic
moment increases by ∼30% under 2.5 GPa pressure.
PACS numbers: 74.70.-b, 76.60.-k
The discovery of superconductivity in iron pnictides1
has attracted intense research interests, and so far high-
temperature superconductivity is achieved in many iron-
based compounds upon doping. In particular, three
classes with similar structures, including the 1111 struc-
ture RFeAsO1−xFx (R=La, Nd, Sm etc.)
2–4, the 122
structure Ba(Fe1−xCox)2As2/Ba1−xKxFe2As2
5, and the
111 structure LiFeAs/NaFeAs6–8 have been extensively
studied. In their parent compounds, long-range antifer-
romagnetism (AFM), or the spin-density-wave (SDW),
has been reported with a stripe-like magnetic structure9.
There are renewed concerns on the nature of the mag-
netism, regarding to whether the SDW follows a lo-
cal moment or a Fermi surface nesting picture. For
the 111 class, the magnetism appears to be very weak.
In LiFeAs, superconductivity is observed instead of the
SDW ordering6, although the SDW fluctuations are
seen above TC
10. In NaFeAs, the SDW order is ob-
served with a low transition temperature11. Its mag-
netic moment is reported to be 0.09 µB/Fe by neutron
scattering12, in contrast to the larger values of about 0.4
µB/Fe in the 1111 and about 1 µB/Fe in the 122 par-
ent compounds5,9,13. From local density approximation
(LDA) calculations, however, the band structures of all
three classes are similar14–16.
One important fact is that the SDW order only devel-
ops at or below the structure transition, namely the high-
temperature tetragonal (HTT) to the low-temperature
orthorhombic (LTO) transition. It is conjectured that
the structure transition is important for the SDW order-
ing, and may also be important for the superconductiv-
ity. For instance, it has been argued that both the struc-
ture phase transition and the SDW ordering are driven
by a ferro-orbital ordering caused by the dxz and dyz
orbitals17,18. The structure transition TS and the SDW
transition TSDW are well separated in NaFeAs and the
1111 class, while in the 122 class the two transitions oc-
cur simultaneously. These distinctive properties open a
sight for studying the relation between the structure and
the magnetism.
In this paper, we present our 23Na and 75As NMR
studies on nominally undoped NaFeAs single crystals,
mainly focusing on the interplay of the structure and
the magnetism. First, we determined the sharp SDW
transition temperature (TSDW ≈ 40.5 K) and the struc-
ture transition temperature (TS ≈ 55 K) directly from
the NMR, and a commensurate magnetic moment of
0.32± 0.02µB/Fe far below TSDW . Second, we study the
correlation between the magnetism between the struc-
ture. Spin fluctuations, indicated by the spin-lattice re-
laxation rate, change behaviors across the structure tran-
sition. We also found that both the SDW transition tem-
perature and the magnetic moment are enhanced signif-
icantly under pressure.
The NaFeAs single crystals were synthesized by
flux-growth method with NaAs as flux, and the de-
tailed growth procedure was reported elsewhere19. For
NMR, we chose crystals with typical dimensions of
3×2×0.1mm3. The crystals were characterized by the
magnetization measurements. We performed 23Na and
75As ( both with S = 3/2) NMR studies, with the mag-
netic field either along the ab−plane or the c−axis. It
is known that the chemical non-stoichiometry in the 111
class affects the magnetism significantly10. In this pa-
per, we primarily report results of single crystals with
very small superconducting volume ratio (less than 2%),
which turn out to have very narrow NMR linewidth at
both above and below the TSDW , indicating good chem-
ical stoichiometry. The SLRR is deduced from the spin
recovery after an inversion pulse. For the high-pressure
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FIG. 1: (color online) (a) The 23Na NMR spectra (one center
transition and two satellites with 23νq ≈0.525 MHz) at above
and below the TSDW (40.5 K), with the magnetic field applied
along the c-axis; Inset: The frequency shift of the 23Na cen-
ter transition below the SDW transition; (b) The spin-lattice
relaxation rate of 23Na with different field orientations and
field amplitudes.
study, we used a 2.5 GPa pressure cell. Silicon oil is used
as the pressure medium, and a piece of lead inside the
NMR coil is used as a low-temperature manometer.
The SDW transition is seen clearly by the 23Na spectra
with field applied along the c-axis, as shown in Fig. 1(a).
The nuclear quadrupole splitting is 23νq ≈ 0.525 MHz, as
evidenced by one center transition and two satellite lines
at 45 K. As the sample is cooled below 40.5 K, each line
splits into two species with equal frequency shift (denoted
by the arrows with the same color), which shows the
SDW ordering. The relative frequency split of the central
transition, 2∆f , serves as an order parameter of the SDW
transition. As shown in Fig. 1 (a) inset, the transition
width is very narrow, and ∆f almost saturates at 5 K
below the TSDW .
75As spectra also have a line splitting
below the SDW transition with H ‖ c, as shown in Fig. 2
(a). The increase of 75As frequency shift ∆f below the
SDW transition is also shown in Fig. 2(a).
With H ‖ ab, the line splitting is absent for both 23Na
and 75As (data not shown). The splitting of the NMR
spectrum indicates two internal static hyperfine fields
Hin = ±∆H along the c-axis. The observation of c-axis
internal field on 75As suggests a stripe AFM, due to an
off-diagonal hyperfine coupling between the 75As nuclei
and the Fe moments20. The sharp NMR spectrum far
below the TSDW suggests a commensurate order, which
is consistent with the neutron data12. It is reasonable
to have the same direction of the internal field for 23Na
and 75As, since two nuclei are on the inversion symmetry
position to each other.
The HTT to the LTO structure transition can be in-
ferred from 75As satellites. In Fig. 2(b), one 75As satellite
(the high frequency one) is shown at different tempera-
tures, with the magnetic field applied primarily along an
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FIG. 2: (color online) (a) The 23As center transition with
the magnetic field along the c-axis (satellites not shown). In-
set: The frequency shift of the center transition; (b) The
75As NMR satellite spectrum (75νq ≈ 9.5 MHz) at different
temperaures; Inset: The temperature dependence of one 75As
NMR satellite frequency with the field applied primarily along
one a-axis but 3o off to the c-axis.
a-axis. When the sample is cooled down, the spectrum
splits into two species at about 55 K, a signature of the
structure transition. The spectrum splitting is caused by
sample twinning, and domains with field along the a-axis
and b-axis give different resonance frequencies. When the
temperature goes down, the spectrum further splits at
the SDW transition, because the applied field is slightly
off the ab plane.
We also analyze the SDW moment from spectrum
splitting 2∆f of 75As and 23Na. In Fig. 1(a) and
Fig. 2(a), the values of ∆f for 75As and 23Na are shown at
different temperatures. The frequency shift ∆f is about
4.0 MHz at T =2 K, corresponding to a hyperfine field
Hin ≈ 0.55 T for
75As. For iron pnictides, the mag-
netic moment m is known to follow m = Hin/4
75Aachf ,
where 75Aachf is the off-diagonal hyperfine coupling con-
stant which is not directly measurable20. Here we employ
75Aachf ≈ 0.43T/µB from BaFe2As2
20, and estimate the
magnetic moment as 0.32± 0.02µB/Fe, which is close to
the 1111 class. Comparing with the frequency shift of
23Na, it gives 23Aachf ≈ 0.027T/µB.
Now we study the spin fluctuations from the spin lat-
tice relaxation rate 1/T ab1 (H ‖ ab) and 1/T
c
1 (H ‖ c).
The temperature dependence of 1/75T ab1 T and 1/
75T c1T
are shown respectively in Fig. 3. From room temperature
to 100 K, the 1/75T1T decreases, which is also seen in
other iron pnictides21. Below 100K, the 1/T1T increases
as the temperature drops with an upturn like behavior,
and the 1/75T1T is anisotropic with
cT1/
abT1 ≈ 1.5. The
upturn and the anisotropy of the SLRR are indications
of strong SDW spin fluctuations20. The SDW transition
temperature is shown at 40.5 K by the divergence of the
1/75T1T . Below TSDW , the 1/
75T1T drops quickly be-
cause of the suppression of the spin fluctuations. Notably
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FIG. 3: (color online) The temperature dependence of the
1/75T1T of a NaFeAs single crystal, with µ0H = 10T . Inset:
The temperature dependence of 75T1T , and the straight lines
are fittings to 75T1T ∼ (T + Θ) for temperatures above and
below the TS.
1/75T1T saturates with a constant value 0.015 s
−1K−1 at
low temperatures, similar to that of BaFe2As2
20.
A correlation between the structure transition and
SDW ordering can be seen from the SLRR data across the
the structure transition. The spin fluctuations are sig-
nificantly enhanced just below the structure transition,
which is shown by the rapid increase of the 1/75T1T below
55K (Fig. 3). Such behavior is better shown by the tem-
perature dependence of 75T1T (Fig. 3 (inset)). The an-
tiferromagnetic spin fluctuations are usually shown by a
Curie-Weiss like behavior with 1/T1T = A/(T +Θ). Fit-
ting 75T ab1 T (or
75T c1T ) with T1T = (T +Θ)/A, two dif-
ferent lines are needed for above and below the structure
transition. For H ‖ ab, the fitting gives Θab ≈ −10± 5K
(above TS) and Θab ≈ −40± 1 K (below TS).
The above values of Θab has two implications. First,
above TS, Θab is negative, which suggests that the spin
fluctuation could lead to the magnetic ordering at a finite
temperature even without the structure transition. This
supports the J1-J2-Jc model that the structure transition
is in fact caused by the spin fluctuations22,23. Second, the
value Θab ≈ −TSDW below TS clearly indicates that the
SDW is a second order transition. Since the large value of
−Θ suggest stronger spin fluctuations21,24, the enhance-
ment of the −Θab below the structure transition and the
second order SDW transition suggest that there is an in-
terplay of the structure transition and the magnetism.
In the LTO phase, the crystal a-axis and the b-axis are
inequivalent, which gives an anisotropic coupling of J1a
and J1b and may help the formation of the SDW order-
ing. A recent ARPES study on NaFeAs which revealed a
band shift below Ts
25, which may suggest that the band
structure is also involved in the magnetic ordering.
Furthermore, since the structure phase transition and
the magnetic phase transition are separated, the inter-
layer coupling Jc in NaFeAs is probably weaker than the
122 compounds from the picture of magnetically driven
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FIG. 4: (color online) (a): The temperature dependence of
the 75As paramagnetic spectral weight at different pressures.
The sharp drop of the signal indicates the onset of the SDW
ordering. Inset: The onset TSDW determined from the sud-
den drop of the spectral weight at different pressures. (b):
The 23Na NMR spectrum of NaFeAs under different pressures
(T = 2 K). Inset: The SDW moment of NaFeAs estimated
from the line splitting of 23Na at different pressures. (c): The
75As spin-lattice relaxation rate at different pressures.
structure phase transition. From the measured values, we
have (TS − TSDW )/TSDW = 0.358. According to Ref.
22,
we can deduce that the interlayer coupling in NaFeAs
is also weaker than the 1111 class. The weak interlayer
coupling lifts the degeneracy of the structure phase tran-
sition and the SDW ordering. In this picture, the SDW
transition is naturally a second order type.
We further study the structure effect to the magnetism
under high pressure up to 2.56 GPa, and find that spin
fluctuations, the TSDW and the moment size are greatly
enhanced by pressure. The increase of the spin fluctua-
tions under pressure is seen by the increase of 1/75T c1T
(Fig. 4 (c)). In Fig. 4 (a), the normalized spectral weight
of 75As in the paramagnetic phase is shown at different
temperatures. The sudden drop of the spectral weight
upon cooling indicates the onset of the SDW ordering
(defined as TSDW ). As shown in Fig. 4 (a) (inset), the
TSDW increases with pressure, from 40.5 K at the am-
bient pressure to 47 K at 2.56 GPa. The magnetic mo-
ment also seems to increase. In Fig. 4(b), the spectrum
of 23Na is shown at different pressures (T = 2 K). The
spectrum splitting clearly increases with pressure. The
magnetic moment increases from 0.32µB at P = 0 to
0.41µB at P = 2.56 GPa. Our estimation is much larger
than the neutron scattering data12. We note our estima-
tion employs the hyperfine coupling constant obtained
from BaFe2As2, which can be off if the hyperfine coupling
4constant is very different. The difference could also be
partly caused by chemical stoichiometry6,19, since NMR
is a local probe and the neutron scattering measures the
averaged magnetic moment.
The high-pressure data may suggest that the inter-
layer coupling Jc plays a crucial role in determining the
phase transitions and the magnetic moment. If we as-
sume the lattice spacing along c-axis changes more sig-
nificantly with pressure than the a- or the b-axis, the
pressure is probably more effective in strengthening the
interlayer coupling Jc to enhance the SDW ordering
26.
Under pressure, the interlayer coupling Jc, mainly from
dxz and dyz orbits, increases because the lattice constant
becomes smaller. Unfortunately, our NMR satellite is
broadened at higher pressures, and we cannot determine
the structure transition. Further study is necessary to
disclose the relation between the TSDW and TS under
pressure. Nevertheless, the increased SDW moment (by
30% at 2.56 GPa) and the TSDW (by 18% at 2.56 GPa)
draw the NaFeAs high-pressure phase closer to the 1111
class, which again supports that the c-axis coupling is
weaker in NaFeAs.
We also observe a fluctuating feature of the SDW or-
dering below the TSDW , which is not well understood.
First, the spectrum splitting ∆f of 23Na (see Fig. 1(a)
inset) shows two steps. The ∆f increases quickly below
TSDW , and then increase slowly below 35K, followed by
a full saturation at T = 10 K. Second, 23Na linewidth
broadens significantly between 40 K and 30 K (see Fig. 1
(a)), and narrows again at low temperatures. For 75As,
the spectrum is not measurable between 40 K and 30 K,
which indicates that the broadening is more significant.
These temperature behavior suggest the the SDW order-
ing still fluctuates in an intermediate temperature range
below the TSDW , unlikely due to an disorder effect.
Thermally activated domain walls may be an expla-
nation of the above observation. In iron pnictides, the
spin frustration is strong, and several types of domain
walls may be thermally activated in the stripe phase, such
as the antiphase type and/or the c-axis mis-alignment
boundaries27,28. Under such circumstances, the NMR
spectrum narrows and the magnetic moment saturates
simultaneously with decreasing temperature. Another
possible explanation is that the fluctuating features are
caused by an incommensurate modulation on the SDW,
which becomes commensurate again at low temperatures.
In summary, our data reveal the interplay between the
lattice structure and the magnetic ordering in the un-
doped NaFeAs. First, our negative value of Θab above the
structure transition, from the fitting 1/T1T = A/(T+Θ),
is consistent with the proposal of the magnetically driven
structure phase transition. Second, the increase of −Θab
and the second order SDW transition below the struc-
ture transition suggest that the lattice/band structure
in return strengthens the magnetic ordering. Third, the
SDW ordering of NaFeAs is greatly enhanced upon pres-
sure. We also observe the fluctuating features of the
SDW ordering in an intermediate temperature below
TSDW , which may be caused by thermal fluctuations of
domain walls, and/or high-temperature incommensura-
bility. These magnetic properties should be important
inputs for constructing the microscopic model of mag-
netism in iron pnictides.
The Authors acknowledge W. Bao, S. E. Brown, P.
Dai, X. Dai, T. Li, Z. Lu, F. Ning, B. Normand, X.
Wang, and T. S. Zhao for helpful discussions. This
work is supported by the NSFC (Grant Nos. 11074304,
10974254, and 11074310) and the National Basic Re-
search Program of China (Contract Nos. 2010CB923000
and 2011CBA00100).
∗ Electronic address: wqyu˙phy@ruc.edu.cn
1 Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J.
Am. Chem. Soc. 130, 3296 (2008).
2 X. H. Chen, T. Wu, G. Wu, R. H. Liu, H. Chen, and D. F.
Fang, Nature 453, 761 (2008).
3 G. F. Chen, Z. Li, D. Wu, G. Li, W. Z. Hu, J. Dong,
P. Zheng, J. L. Luo, and N. L. Wang, Phys. Rev. Lett.
100, 247002 (2008).
4 Z. A. Ren et al., Mater. Res. Inno. 12, 105 (2008).
5 Q. Huang, Y. Qiu, W. Bao, M. A. Green, J. W. Lynn,
Y. C. Gasparovic, T. Wu, G. Wu, and X. H. Chen, Phys.
Rev. Lett. 101, 257003 (2008).
6 X. C. Wang, Q. Q. Liu, Y. X. Lv, W. B. Gao, L. X. Yang,
R. C. Yu, F. Y. Li, and C. Q. Jin, Solid State Comm. 148,
538 (2008).
7 J. H. Tapp, Z. Tang, B. Lv, K. Sasmal, B. Lorenz, P. C. W.
Chu, and A. M. Guloy, Phys. Rev. B 78, 060505(R) (2008).
8 D. R. Parker, M. J. Pitcher, P. J. Baker, I. Franke, T. Lan-
caster, S. J. Blundell, and S. J. Clarke, Chem. Commun.
p. 2189 (2009).
9 C. de la Cruz et al., Nature 453, 899 (2008).
10 L. Ma, J. Zhang, G. F. Chen, and W. Yu, Phys. Rev. B
82, 180501(R) (2010).
11 G. F. Chen, W. Z. Hu, J. L. Luo, and N. L. Wang, Phys.
Rev. Lett. 102, 227004 (2009).
12 S. Li, C. de la Cruz, Q. Huang, G. F. Chen, T.-L. Xia, J. L.
Luo, N. L. Wang, and P. Dai, Phys. Rev. B 80, 020504(R)
(2009).
13 K. Kaneko, A. Hoser, N. Caroca-Canales, A. Jesche,
C. Krellner, O. Stockert, and C. Geibel, Phys. Rev. B 78,
212502 (2008).
14 R. A. Jishi and H. M. Alyahyaei, Adv. Cond. Matt. Phys.
2010, 804343 (2010).
15 D. J. Singh, Phys. Rev. B 78, 094511 (2008).
16 Y. Z. Zhang, I. Opahle, H. O. Jeschke, and R. Valent´ı,
Phys. Rev. B 81, 094505 (2010).
17 C.-C. Lee, W.-G. Yin, and W. Ku, Phys. Rev. Lett. 103,
267001 (2009).
18 F. Kruger, S. Kumar, J. Zaanen, and J. van den Brink,
Phys. Rev. B 79, 054504 (2009).
19 G. F. Chen, Z. Li, G. Li, J. Zhou, D. Wu, J. Dong, W. Z.
Hu, P. Zheng, Z. J. Chen, H. Q. Yuan, et al., Phys. Rev.
5Lett. 101, 057007 (2008).
20 K. Kitagawa, N. Katayama, K. Ohgushi, M. Yoshida, and
M. Takigawa, J. Phys. Soc. Jpn. 77, 114709 (2008).
21 F. L. Ning et al., Phys. Rev. Lett. 104, 037001 (2010).
22 C. Fang, H. Yao, W. F. Tsai, J. P. Hu, and S. A. Kivelson,
Phys. Rev. B 77, 224509 (2008).
23 C. Xu, M. Muller, and S. Sachdev, Phys. Rev. B 78,
020501(R) (2008).
24 T. Moriya and K. Ueda, Solid State Communications 15,
169 (1974).
25 C. He et al., Phys. Rev. Lett. 105, 117002 (2010).
26 D. X. Yao and E. W. Carlson, Front. Phys. 5, 166 (2010).
27 I. I. Mazin and M. D. Johannes, Nat. Phys. 5, 141 (2009).
28 N. J. Curro et al., N. J. Phys. 11, 075004 (2009).
